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Abstract
Radiative neutrino mass generation within supersymmetric (SUSY) construction is studied.
The mechanism is considered where the lepton number violation is originating from the soft
SUSY breaking terms. This requires MSSM extensions with states around the TeV scale. We
present several explicit realizations based on extensions either by MSSM singlet or SU(2)w
triplet states. Besides some novelties of the proposed scenarios, various phenomenological
implications are also discussed.
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1 Introduction
One of the missing pieces of the Standard Model (SM) is the consistent neutrino sector required
for accommodation of the neutrino date [1]. Extensions based on type I [2], type II [3] and type
III [4] see-saw mechanisms have been suggested, which at tree level induce effective dimension five
(d = 5) ∆L = 2 lepton number violating operator [5]
λij
M∗
liljHH , (1)
where li (i, j = 1, 2, 3 are family indices) and H are SM lepton and Higgs doublets respectively. The
(1) type couplings, in turn, generate neutrino masses and mixings after EW symmetry breaking.
It was shown [6–9] that, augmenting the SM by specific states and couplings, the operators
of Eq. (1) can be generated radiatively at one (or higher) loop level. This possibility, referred
to as radiative neutrino mass generation mechanism, offers many interesting scenarios with rich
phenomenological implications [6–9]. It is a curious fact that, besides some studies [10], within
1E-mail: luka.megrelidze.1@iliauni.edu.ge
2E-mail: zurab.tavartkiladze@gmail.com
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SUSY constructions such possibilities have not been pursued much.3 In this work, aiming to fill
this gap and address this issue within SUSY scenarios, we offer possibilities of loop induced neutrino
masses, where lepton number violation occurs in soft SUSY breaking couplings and is transferred in
the SM neutrino sector at the loop level. Referring to this possibility as ‘soft see-saw’ mechanism,
we present several extensions which naturally realize this program. The following three types of
extensions are considered: i) extension with MSSM singlet (matter) superfields, ii) extension with
a pair of SU(2)w triplet-antitriplet scalar superfields carrying U(1)Y hypercharges ±2, and iii)
extension with matter SU(2)w triplet and U(1)Y neutral superfields. We call these three scenarios
soft type I, soft type II and soft type III see-saw scenarios respectively. We work out details of each
construction and discuss phenomenological implications.
Note that the radiative neutrino mass generation within MSSM extension by right handed
neutrinos and lepton number violation by soft SUSY breaking terms (the scenario we refer to as
soft type I see-saw) has been considered in papers of Ref. [10]. While in these works variations of
models with ∆L = 2 right handed sneutrino couplings have been suggested, we present concise and
detailed discussion of this setup, derive effective ∆L = 2 operators, outline necessary ingredients
and give some constraints. As far as the soft type II and soft type III see-saw scenarios are
concerned, these radiative neutrino mass generation mechanisms are new. As will be shown, these
scenarios have various interesting ingredients and peculiar phenomenological implications.
The paper is organized as follows. In the next section we discuss lepton number violating
operators of different dimensions, involving MSSM states and list some of them. Then, as a
demonstration, we compute the d = 5, ∆L = 2 operator of type (1), induced via 1-loop due
to presence of a quartic (d = 4) ∆L = 2 operator. In Sect. 3 we present models - extensions of
the MSSM - where the lepton number violation takes place in soft SUSY breaking terms and show
how integrating out the extra states gives effective ∆L = 2 operators. We consider extensions with
MSSM singlet matter (right handed neutrino) superfields and with SU(2)w triplet states. Based
on these extensions different scenarios (e.g. type I, type II-A, type II-B and type III soft see-saw)
emerge. In each case neutrino masses are induced via loops. Corresponding 1-loop and 2-loop
results are presented. Sect. 4 contains discussion and outlook with some prospects for future
studies. In appendix A we present supergravity formalism for calculation of soft SUSY breaking
terms emerged from hidden sector superpotential and non-minimal Ka¨hler potential couplings. We
give the details of the SUSY breaking via Polonyi superpotential and specific non-minimal Ka¨hler
potential - the system insuring for SUSY breaking X superfield FX ∼ m3/2MP l (where m3/2 is a
gravitino mass) and adequately suppressed value for 〈X〉. Both these are needed for our model
building. In appendix B detailed derivations of effective ∆L = 2 quartic couplings, emerging by
integration of MSSM singlet and SU(2)w triplet states, are given. In appendix C we present the
calculation of the 2-loop contribution to the neutrino masses.
3Note that, like within SM, also in minimal supersymmetric extension of the SM (MSSM), it is hard to see how
neutrino masses >∼ 0.05 eV can be generated even with non-renormalizable [i.e. the cut off scale M∗ = MPl in Eq.
(1)] interactions are taken into account.
2
2 Some ∆L = 2 Lepton Number Violating Operators with
MSSM States
The lepton sector of the MSSM involves the following D and F -term couplings:
(
l†eV l + ec†eV ec
)
D
→ l˜∗V˜ l + e˜c∗V˜ ec + h.c. (2)
(YEle
chd)F + h.c.→ YE
(
lechd + l˜e
ch˜d + le˜
ch˜d
)
+ h.c. (3)
where schematically V indicates all appropriate gauge superfields multiplied by proper generator
and gauge coupling. Without soft SUSY breaking terms, it is possible to define the lepton number
(L-numbers for l, ec) and also slepton number (L˜ -numbers for l˜, e˜c) separately.4 Thus, the couplings
in (2) and (3) possess two independent symmetries. However, including soft SUSY breaking terms
- the gaugino masses 1
2
MV˜a V˜aV˜a - gives the slepton numbers fixed equal to the corresponding
lepton numbers: L˜ = L.5 Thus, all components from a given superfield have same lepton number.
Therefore, if for instance, in the soft SUSY breaking sector the lepton number will be broken, it
will be transferred in the fermion sector via radiative corrections.
In our consideration we assume that the whole Lagrangian respects the matter parity, under
which states transform as Φ → (−1)3(B−L)+2SΦ, where B and L are baryon and lepton numbers
respectively and S indicates the spin of the Φ state. This symmetry insures that no baryon and
lepton number violating couplings present at renormalizable level and LSP is a stable.
Considering higher dimensional operators, in SUSY (with matter parity) the lepton number
violation starts from the F -term d = 5 operator∫
d2θ(lhu)
2 + h.c.→
(
(ll)huhu + 2(lh˜u)l˜hu + (h˜uh˜u)l˜l˜
)
+ h.c. (4)
which is the SUSY analog of the (1) coupling. At r.h.s of Eq. (4) l denotes SM fermionic lepton
and hu is up type Higgs doublet. Symbols with tildes denote their superpartners respectively. The
coefficients at r.h.s of Eq. (4) are related due to SUSY. However, in general they can be different
especially if some of these couplings emerge via SUSY breaking terms. Therefore, we write each of
them with independent coefficients:
d = 5, ∆L = 2 operators : λ5(l hu)
2 + λ′5(l˜ h˜u)
2 + λ′′5 l˜ hu l h˜u + h.c. (5)
λ5-type couplings are directly constrained from the neutrino masses. The λ
′
5 and λ
′′
5 operators
induce λ5-term via loops in which soft SUSY breaking couplings participate. Therefore, constraints
on λ′5, λ
′′
5 will depend on SUSY spectroscopy. The λ
′
5 operator emerges in one of the model (named
as type II-B soft see-saw model) we present in Sect. 3.2.
Before going to the higher dimensional operators, note that with MSSM states one can write
∆L = 2 quartic (d = 4) coupling
d = 4, ∆L = 2 operator : λ4(l˜hu)
2 + h.c. (6)
4Provided that the gauginos V˜a and the higgsinos h˜d, h˜u carry appropriate lepton and slepton charges.
5The relation L˜ = L also emerges if, instead of gaugino masses, the trilinear A-terms AE l˜e˜
chd are included.
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χ˜0
ν ν
h0u h0u
ν˜ ν˜
Figure 1: Diagram(s) responsible for neutrino masses via λ4-coupling.
This term is non-supersymmetric operator and to discuss its origin one needs to have some UV
completion. In Sect. 3 we present models, where this operator emerges and compute λ4 coupling
in terms of model parameters.
Let us also give some d = 6, ∆L = 2 couplings involving states from l and hu superfields:
d = 6, ∆L = 2 operators : λ6(l h˜u)
2 + λ′6(l˜l˜)gV˜ (h˜uhu) + h.c. (7)
where in λ′6-term under gV˜ we assume g1V˜1 or g2V˜2 (with appropriate contraction of the SU(2)w
gauge indices). This coupling emerges in type II-B soft see-saw model (discussed in Sect. 3.2).
Other ∆L = 2 couplings can be obtained from the operators in Eqs. (5)-(7) by the substitution
hu → h†d. Also, the variety of ∆L = 2 operators involving ec and e˜c states can be constructed.
The models with their generation would be interesting to consider, but in this work we pursue only
specific constructions.
∆L = 2 operators, including those we gave above, by radiative corrections will be converted
to the operator λ5(l hu)
2 - responsible for the neutrino mass generation. In the next subsection
we give details of the calculation of this λ5-term emerged from the λ4 coupling of Eq. (6) via
gaugino/higgsino loop dressings.
2.1 ∆L = 2 Quartic Coupling and Neutrino Mass
The coupling (6) is invariant under SM gauge symmetry. Since we are interested in neutrino mass
generation, we extract from it the neutral components:
λ4(ν˜h
0
u)
2 + h.c. (8)
The combination ν˜ν˜ will be converted to νν by the neutralino dressing diagram(s) shown in Fig.
1. The relevant terms are also
i
g1
2
B˜l˜†l − i g2√
2
W˜ ab l˜a
∗
lb + h.c.→ i
2
ν
(
g1B˜ − g2W˜ 0
)
ν˜∗ + h.c. (9)
(given in 2-component notations of Ref. [11]) where B˜ and W˜ ab are U(1)Y and SU(2)w gauginos
respectively. The indices a, b = 1, 2 belong to the SU(2)w gauge group. W˜ ’s matrix is defined as
W˜ ab =
1√
2
(
W˜ 0
√
2W˜+√
2W˜− −W˜ 0
)a
b
. (10)
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We are looking for the operator:
1
2
κνijνiνj(h
0
u)
2 + h.c. (11)
where κνij will be computed in terms of couplings appearing in (8), (9), together with other model
parameters given below.
By diagonalization of 4 × 4 neutralino mass matrix (of the states {−iB˜,−iW˜ 0, h˜0d, h˜0u}), the B˜
and W˜ 0 get transformed as
B˜ = U1a¯χ0 χ˜
0
a¯ , W˜
0 = U2a¯χ0 χ˜
0
a¯ , (a¯ = 1, 2, 3, 4) , (12)
where χ0a¯ is a physical mass eigenstate neutralino with mass M
a¯
χ0. Using these in Eq. (9), the
relevant couplings will be
i
2
ν
(
g1U
1a¯
χ0 − g2U2a¯χ0
)
χ0a¯ν˜
∗ + h.c. (13)
Interactions in Eqs. (8), (13) together with neutralino Majorana type mass terms, generate the
operator of Eq. (11) via 1-loop diagram(s) shown in Fig. 1. Upon evaluation of the loop integral
for the expression of κν we obtain:
κνij = −
α2
8pi
(λ4)ij
4∑
a¯=1
(tan θWU
1a¯
χ0 − U2a¯χ0 )2
M a¯χ0
f(xia¯, x
j
a¯) , (14)
where tan θW =
g1
g2
and
xia¯ =
(
mν˜i
M a¯χ0
)2
, f(x1, x2) =
x1 ln x1 − x2 ln x2 − x1x2 ln x1x2
(x1 − x2)(x1 − 1)(x2 − 1) . (15)
From these expressions we can see that in order to have adequately suppressed neutrino masses(<∼
0.1 eV), for the SUSY particle masses∼ TeV, we need to have λ4 <∼ 10−8. In the next section we
will see that this suppression can be naturally realized within presented models.
3 Soft See-Saw
In this section we present models which generate some of the ∆L = 2 operators [in particular:
λ4, λ
′
5 and λ
′
6-type couplings of Eqs. (6), (5) and (7) respectively]. This happens through the soft
SUSY breaking sector. Therefore, we refer to it as a soft see-saw mechanism. Scenarios we consider
are based on extensions either with MSSM singlet matter superfields6, or with a pair of SU(2)w
triplet-antitriplet scalar superfields, or on a model with matter SU(2)w triplet superfields. Each
case is investigated separately.
6This kind of extension, with lepton number violating soft SUSY breaking terms, has been considered in Refs. [10].
Here we give detailed discussion of the setup, necessary ingredients, generation of effective λ4 coupling and some
constraints.
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W X hu N l
R ω 1 α 1
2
−1
2
− α
hd e
c q uc dc
R 1− α ω+2α− 1
2
αq ω−αq−α ω−αq+α−1
Table 1: R charges in the type I soft see-saw model. ω 6= m+ 1/2 (m ∈ Z).
3.1 Type I Soft See-Saw
In this case, the MSSM is extended with right handed neutrino (RHN) superfields N . Since
within our scenario, the masses of these states are near TeV scale, in order to avoid unacceptably
large neutrino masses, we will need to suppress the YνlNhu type Yukawa superpotential couplings.
Instead demanding ad hoc condition |Yν| <∼ 10−7, we will forbid such superpotential coupling by
the R-symmetry, under which the superfield φi and the superpotential transform as:
φi → eiRiφi , W → eiωW . (16)
With the R charge assignment for the superpotential W and superfields l, hu, N given in Table 1,
together with the couplings lNhu, also the NN -type superpotential terms are forbidden. However,
as we will see shortly, the lepton number violating soft SUSY breaking terms will be induced. These
type of terms will come from the Ka¨hler potential, via the SUSY breaking. The latter will occur
in a hidden sector with MSSM singlet superfield X having non-zero F -term FX ∼ m3/2MP l. The
R charge of the X is selected to be RX = 1. In Table 1 we summarize R charges of all superfields
to be considered. With this assignment, the following minimal and non-minimal Ka¨hler (denoted
below as Km and Knm respectively) potential couplings are allowed:
Km =
∑
f
f †egaVaf , Knm = X
†
2MPl
κNN +
X†X
M¯3
κAlNhu +
X†
MPl
κhhuhd + h.c. (17)
(On the second term in Knm, with cut off scale M¯ < MPl, we comment below.) With these, the
generated soft SUSY breaking terms involving N˜ will be:
V (N˜) = l˜TAN N˜hu +
1
2
N˜TBNN˜ + h.c. + N˜
†M2
N˜
N˜ , (18)
where l˜T = (l˜1, l˜2, l˜3) and N˜
T = (N˜1, N˜2, · · · ) (the number of N˜ states should be ≥ 2). The matrix
M2
N˜
is hermitian while BN is a symmetric: M
2
N˜
= (M2
N˜
)† and BTN = BN . The mass
2 terms in (18)
with FX ∼ m3/2MPl are M2N˜ ∼ |FX |2/M2Pl ∼ m23/2. The soft B-terms are BN ∼ κ|FX |2/M2Pl ∼
κm23/2, while with M¯ ∼ (m3/2M2P l)1/3 the trilinear A-term will be AN ∼ κA|FX |2/M¯3 ∼ κAm3/2.
For detailed discussion and derivations see Appendix A. In the same Appendix we discuss the
generation of FX via Polonyi superpotential and specific Ka¨hler potential for X .
From the couplings in Eq. (18), by integrating out the N˜ states we get the operator of Eq. (6).
In particular, by assumption κ <∼ 1/3, κAvu <∼ 0.3m3/2, the expression for λ4 can be approximated
as:
λ4 ≃ 1
2
AN
1
M2
N˜
B†N
1
(M2
N˜
)T
ATN . (19)
6
hu hu
l˜ l˜
N˜ N˜
Figure 2: Diagram generating (l˜hu)
2 term via N˜ exchange.
Corresponding diagram is given in Fig. 2. Derivation and more accurate expression for λ4 is given
in Appendix B by Eq. (B.7). From the structure of (19) and process given in Fig. 2 it is clear why
it is fair to call this mechanism (for generating of λ4 coupling) the type I soft see-saw. The quartic
operator of (6) is forbidden in the SUSY limit, but is generated due to SUSY breaking ∆L = 2
terms via integrating out the N˜ states. With these, as was shown in section 2.1, the neutrino
masses are generated at 1-loop level. The needed suppression for the λ4 is easily obtained. For
instance, with the SUSY particle masses ∼ few TeV and AN
MN˜
∼
√
BN
MN˜
∼ 10−2, from (19) we can get
λ4 ∼ 10−8 - guaranteeing suppressed values of the neutrino masses(∼ 0.1 eV).
The second operator in Knm of Eq. (17) can be obtained by integrating some heavy states.
Here we give one example. By introducing additional MSSM singlet states N ,N ,N ′ and N ′ we
can have the Ka¨hler coupling KN = κNX†MPl NN and the superpotential terms: WN = MNNN +
λXXNN ′+M ′NN ′N ′+λNN ′lhu. One can easily verify that integration of the states N ,N ,N ′,N ′
induces the Ka¨hler operator κNλXλN
MPlMNM ′N
X†XlNhu. Comparing this with Eq. (17), one can identify
kA
M¯3
= κNλXλN
MPlMNM ′N
.
As shown in Appendix A, by the construction one can insure that the VEV of the X field can
be adequately suppressed. With 〈X〉 <∼ 10−7MP l the neutrino Dirac Yukawa couplings, generated
via the Ka¨hler potential will be Yν <∼ 10−7 (see expression in (A.23) and related discussion before
and after of this equation), i.e. not relevant for the neutrino masses. On the other hand, there
is a low bound on the values of Yν couplings. They should be sizable enough to insure decays
of the fermionic RHN states N within <∼ 0.3 sec. in order to not affect the standard Big Bang
nucleosynthesis. With MN > Ml + Mhu(Ml˜ + Mh˜) we will have decays N → lhu(l˜h˜), with the
lifetime given by
Γ−1
N→lhu(l˜h˜) ≈
8pi
|Yν|2MN = 0.3 sec. ×
(
2.34 · 10−13
|Yν |
)2(
1 TeV
MN
)
. (20)
Since Yν ∼ 〈X〉/MP l, we will have the low bound on the VEV 〈X〉 >∼ 5.6 · 105 GeV. Therefore,
summarizing all above, we will have the following range:
2.34 · 10−13 <∼ Yν <∼ 10−7 −→ 5.6 · 105 GeV <∼ 〈X〉 <∼ 2 · 1011 GeV. (21)
The massMN is generated from the first coupling of Knm of (17), with the valueMN ∼ κFX/MPl ∼
κm3/2. Note that, it is easy to satisfy MN > Ml +Mhu(Ml˜ +Mh˜) insuring the decays described in
(20).
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X hu Σ Σ¯ l
R 1 α 1 + 2α −2α −1
2
− α
hd e
c q uc dc
R 1− α ω+2α− 1
2
αq ω−αq−α ω−αq+α−1
Table 2: R charges in the type II-A soft see-saw model, with RW = ω. By ω 6= m + 1/2 (m ∈ Z)
the matter parity is automatic.
Closing this subsection, with the R-charge assignment given in Table 1, the MSSM Yukawa
superpotential couplings are:
WMSSMY = YUqu
chu + YDqd
chd + YEle
chd . (22)
Note that the direct huhd superpotential term is forbidden. However, as shown first in Ref. [12],
the last coupling in (17) generates µ ∼ κhm3/2 and Bµ ∼ κhm23/2 terms.
With the R-charge assignments given in Table 1 the lepton number violating superpotential
couplings Xnhul (which break also matter parity) are all forbidden for ω 6= m + 1/2 (where m is
an integer). Also the trilinear lepton number violating interactions qdcl and ecll will be forbidden
in the superpotential. The baryon number violating term ucdcdc can be forbidden if the phases
αq, ω and α will satisfy additional condition 3αq − 2ω − α 6= m1 (m1 ∈ Z). With these and with
one more condition 3αq − ω − α 6= m2 (m2 ∈ Z) the d = 5 baryon and lepton number violating
couplings qqql, ucucdcec and qqqhd will be automatically forbidden. One can also make sure that
with these three conditions
ω 6= m+ 1/2 , 3αq − 2ω − α 6= m1 , 3αq − ω − α 6= m2 (m,m1,2 ∈ Z) , (23)
baryon and matter parity violating couplings do not emerge also from the Ka¨hler potential.
3.2 Type II Soft See-Saw
In this case we extend the MSSM by introducing the pair of SU(2)w triplet and antitriplet super-
fields Σ, Σ¯ with U(1)Y hypercharges 2 and −2 respectively (in this normalization, the hypercharge
of the lepton doublet l = (e−, ν) equals to −1). Σ and Σ¯ are 2 × 2 matrices in SU(2)w space and
their compositions are given by:
Σab=
(
Σ(++) Σ(+)/
√
2
Σ(+)/
√
2 Σ(0)
)
ab
, Σ¯ab=
(
Σ¯(−−) Σ¯(−)/
√
2
Σ¯(−)/
√
2 Σ¯(0)
)ab
, (24)
where signs in superscripts indicate electric charges [e.g. (++) stands with the double charged
state].
With this field content, two scenarios which somewhat differ from each other, can be considered.
We refer to them as type II-A soft and type II-B soft see-saw models.
Type II-A soft see-saw model
In this case, the R-charge assignment is given in Table 2 and relevant Ka¨hler potential couplings
8
hu l˜
hu l˜
Σ¯ Σ
l˜
l˜ l˜
l˜
Σ
Figure 3: Diagrams generating (l˜hu)
2 (left) and (l˜ l˜)(l˜∗l˜∗) (right) terms by integration of scalar
triplets Σ, Σ¯.
are:
Km =
∑
f
f †egaVaf , Knm = κ
MPl
X†Σ¯Σ+
X†X
M¯3
(
κAΣ¯Σ¯huhu +
1
2
κAΣΣll
)
+
κh
MPl
X†huhd+h.c. (25)
The MSSM superpotential couplings will be same as given in (22). The couplings of Eq. (25) and
SUSY breaking hidden sector, together with the µ and B-terms for the MSSM Higgs doublets,
generate the following soft terms involving the scalar components of Σ and Σ¯:
V (Σ, Σ¯) = BΣΣ¯Σ + AΣ¯Σ¯huhu + Σ l˜
TAΣl˜ + h.c +M
2
ΣΣ
†Σ+M2Σ¯Σ¯
†Σ¯ . (26)
Here Σ and Σ¯ denote bosonic components. Their fermionic partners will be denoted by Σ˜ and ˜¯Σ
respectively. Integration of Σ, Σ¯ states leads to the operator of Eq. (6) with approximate expression
for λ4 given by:
λ4 ≃ 1
M2ΣM
2
Σ¯
AΣ¯B
∗
ΣAΣ , (27)
valid for MΣMΣ¯
>∼ |BΣ|/3. More accurate expression is given in Appendix B [see Eq. (B.10)]. The
first diagram of Fig. 3 corresponds to the generation of this operator, which gives loop induced
neutrino masses as shown in Sect. 2.1. Also within this case, the needed suppression of λ4 can be
achieved, for example, by the selection AΣ
MΣ
∼ AΣ¯
MΣ
∼
√
BΣ
M
Σ¯
∼ 10−2.
Via exchange of Σ, Σ¯ states, the four slepton interaction operator is also generated, which in
the same approximation (as Eq. (27)) is:
Leff
4l˜
=
1
M2Σ
(
l˜Ta AΣl˜b
)(
l˜ †aA
∗
Σl˜
∗
b
)
, (28)
where a, b = 1, 2 are SU(2)w indices [see Eq. (B.11) for more accurate expression]. The corre-
sponding diagram is the second one in Fig. 3. By 2-loop gaugino/higgsino dressing diagrams, the
operator (28) will be converted to the four lepton operator C4lijmn(l
i
al
j
b)(l¯
m
a l¯
n
b ). One relevant diagram
is shown in Fig. 4. These couplings (i.e. C4lijmn) in turn induce ei → ejemen rare decays, including
processes such as τ → 3µ, µ→ 3e etc. With all SUSY particles and Σ, Σ¯ states having the common
masses≈ MS we estimate C4lijmn ≈
(
α2
4pi
)2 (AΣ)ij(A∗Σ)mn
M4S
. For instance, for the branching ratio of the
reaction µ→ 3e we will have
Br(µ→ 3e) ≈
(α2
4pi
)4 |(AΣ)11(A∗Σ)12|2
G2FM
8
S
≃ 3.8 · 10−13
(
1 TeV
MS
)4 ∣∣∣∣(AΣ)11(A∗Σ)12M2S
∣∣∣∣
2
. (29)
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l l
l l
V˜ ′ V˜
l˜ l˜
l˜ l˜
Figure 4: Diagram generating 4-fermion operator via the effective coupling of Eq. (28).
X hu Σ Σ¯ l
R 1 α 1 + 2α− ω ω − 2α ω
2
− 1
2
− α
hd e
c q uc dc
R 1− α ω
2
+2α− 1
2
αq ω−αq−α ω−αq+α−1
Table 3: R charges in the type II-B soft see-saw model, with RW = ω. By ω 6= 2m + 1 (m ∈ Z)
the matter parity is automatic.
We see that with MS ∼ 1 TeV, the current experimental limit Br(µ → 3e) < 10−12 [13] is easily
satisfied even with (AΣ)11
MS
, (AΣ)12
MS
∼ 1. If the latter ratios are taken to be suppressed, then one can
allow to have MS’s values below the TeV scale. Since the experimental limits on τ ’s rare decays
are less stringent [13], it is easier to satisfy bounds on branching ratios Br(τ → eiejek). Since AΣ
couplings also enter in the neutrino mass matrix [see Eq. (27)], it would be interesting to investigate
their flavor structure in connection to the neutrino data and the rare lepton decays. These will
open window to probe the neutrino mass generation mechanism presented here.
Finally, the κ-term in Eq. (25) generates the mass term for the fermionic Σ˜, ˜¯Σ components
µΣ
˜¯ΣΣ˜ with µΣ ∼ κm3/2.
Type II-B soft see-saw model
In this modified version, the neutrino masses are induced at 2-loop level. The R-charges of the
states are given in Table 3 and the Ka¨hler potential couplings are
Km =
∑
f
f †egaVaf , Knm = κ
MPl
X†Σ¯Σ +
X†X
2M¯3
κAΣΣll+
κh
MPl
X†huhd + h.c. (30)
The X†Σ¯huhu term is forbidden in the Ka¨hler potential, but the following superpotential coupling,
involving Σ¯, is allowed:
WΣ¯ = λΣ¯Σ¯huhu . (31)
The MSSM superpotential terms are same as given in Eq. (22). The coupling (31), in general
would generate the trilinear soft term AΣ¯Σ¯huhu. However, within the SUSY breaking scenario we
are considering, this A-term is suppressed:
AΣ¯ ∼ λΣ¯m3/2
〈X〉
MP l
<∼ 10−7λΣ¯m3/2 . (32)
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V˜l l
hu hu
l˜ l˜
V˜
h˜uh˜u
l l
hu hu
V˜ V˜
h˜u h˜u
l˜ l˜
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Figure 5: 2-Loop diagrams responsible for neutrino masses within type II-B soft see-saw model.
(see Eq. (A.25) and discussion therein).
Ka¨hler potential terms of Eq. (30), besides higgsino µ and Higgs B terms induce the potential
terms:
BΣΣ¯Σ + AΣΣl˜l˜ + h.c +M
2
ΣΣ
†Σ +M2Σ¯Σ¯
†Σ¯ . (33)
With the couplings in (32), (33), integration of Σ, Σ¯ states leads to the operator of Eq. (6) with
expression for λ4 having the same form as given in Eq. (27), but with extra strong suppression
factor<∼ 10−7. Therefore, 1-loop contribution to the neutrino masses will be very suppressed and
can be ignored. Neutrino masses will be induced at 2-loop level, which we discuss below.
The superpotential of Eq. (31) gives the following Yukawa interactions:∫
d2θWΣ¯ → λΣ¯
(
Σ¯h˜uh˜u + 2
˜¯Σh˜uhu
)
. (34)
These couplings, together with those given in (33), upon integration of scalar components from
Σ¯,Σ superfields, induce the following ∆L = 2 dimension 5 operator (λ′5-type of Eq. (5)):
λ′5(l˜ h˜u)
2 , with λ′5 ≃
1
M2ΣM
2
Σ¯
λΣ¯B
∗
ΣAΣ . (35)
The way of derivation of this d = 5 operator is similar to that given in Appendix B. We just need to
make replacement AΣ¯huhu → λΣ¯h˜uh˜u in Eq. (B.10). The operator (35), by the gaugino dressings at
2-loop gives the d = 5 operator λ5(l hu)
2 responsible for the neutrino mass. The relevant diagrams
are given in Fig. 5. For consistency, one should also take into account the effective d = 6, ∆L = 2
operators
− 2
M2ΣµΣ
λΣ¯(l˜
TAΣ l˜)(gV˜ h˜uhu) + h.c. (36)
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Figure 6: 2-Loop diagrams responsible for neutrino masses within type II-B soft see-saw model
(opening effective vortexes).
(the λ′6-type coupling of Eq. (7)) which are induced by integration of the scalar and fermionic
components from Σ¯,Σ superfields [by using the mass term µΣ
˜¯ΣΣ˜ and couplings (33), (34)]. In (36),
gV˜ = {g1B˜, g2W˜} denote U(1)Y and/or SU(2)w gaugino contributions.
Care must be taken to treat properly divergences of the diagrams in Fig. 5. If the effective
vortexes (35) and (36) are used without specifying the model (the operators are induced from),
the loops need to be cut off by the characteristic scale. Since within type II soft see-saw, these
operators are obtained by integrating Σ, Σ¯ states, full calculation can be done. With ’opening’
vortexes, the diagrams are shown in Fig. 6. It is obvious that log divergence of the first and third
diagrams are coming from upper triangles corresponding to the parts of one loop renormalization
of the soft AΣ¯ term (vanishing at tree level). Indeed,
δAΣ¯ = δA
(1)
Σ¯
+ δA
(2)
Σ¯
, with
δA
(1)
Σ¯
= − λΣ¯
16pi2
3∑
a=1
c(1)a g
2
aMV˜a
(
ln
Λ2
M2
V˜a
+
µ2(2M2
V˜a
− µ2)
(M2
V˜a
− µ2)2 ln
µ2
M2
V˜a
− µ
2
µ2 −M2
V˜a
)
,
δA
(2)
Σ¯
= − λΣ¯
16pi2
3∑
a=1
c(2)a g
2
aMV˜a

ln Λ2
M2
V˜a
−
µ4 ln µ
2
M2
V˜a
(µ2 − µ2Σ)(µ2 −M2V˜a)
−
µ4Σ ln
µ2
Σ
M2
V˜a
(µ2Σ − µ2)(µ2Σ −M2V˜a)

 ,
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with c(1)a =
(
6
5
, 3, 0
)
, c(2)a =
(
3
5
, 6, 0
)
, (37)
where µ and µΣ are the MSSM higgsino µ-term and the mass of the fermionic Σ˜,
˜¯Σ states respec-
tively, ga is the gauge coupling (with c
(1,2)
a being corresponding group theoretical factors and MV˜a
the corresponding gaugino’s soft mass). In the last line of (37), a = 1, 2, 3 labels U(1)Y , SU(2)w
and SU(3)c gauge groups respectively (the coupling g1 is taken in SU(5) normalization). The lnΛ
terms coincide with those obtained via integration of the RG equation for the AΣ¯ soft term. Ex-
pressions (37), after the renormalization, leave us with a non-divergent and finite parts. Assuming
the boundary condition AΣ¯(MUV ) = 0 at some scale MUV (which can be the Planck mass, in case
of gravity mediated SUSY breaking), at the SUSY scale MS, we will have:
at µ =MS : A
eff
Σ¯ = −
λΣ¯
16pi2
(
3∑
a=1
cag
2
aMV˜a
)
ln
M2UV
M2S
, ca =
(
9
5
, 9, 0
)
. (38)
Further, we compute the lower triangle diagrams of Fig. 6-(a),(c), which by the gaugino dressings
convert l˜l˜ to ll. Then, integrate out the Σ, Σ¯ states and obtain the contribution to the neutrino
mass to be given by:7
(
δM ijν
)
Fig.5−(a)+(c) =
v2uA
eff
Σ¯
16pi2
B∗ΣA
ij
Σ
M2ΣM
2
Σ¯
3∑
a=1
c
(1)
a g2a
MV˜a
f
[(
mi
MV˜a
)2
,
(
mj
MV˜a
)2]
, (39)
where the function f is defined in Eq. (15) and mi, mj denote masses of l˜i, l˜j .
There is no any divergence from the diagram of Fig. 6-(b). Detailed evaluation of this diagram
is given in Appendix C. Contribution to the neutrino mass matrix from the 2-loop diagram of Fig.
6-(b) is given by: (
δM ijν
)
Fig.5−(b) =
v2u
2
µ2g2g′2AijΣB
∗
ΣλΣ¯ J , (40)
where J is given in Eq. (C.11) and γαnm and other appearing factors are defined in Eqs. (C.9),
(C.4) and (C.5) respectively.
Let us give an estimate of constraints on the parameters required to obtain the correct suppres-
sion of neutrino masses within this scenario. For simplicity, assume that all SUSY particle masses
and MΣ,MΣ¯, µ are same and equal to MS ∼ 1 TeV. With this, the expressions at the r.h.s of Eqs.
(39) and (40) are simplified to be ≈ 27λΣ¯
(
α2
4pi
)2 v2uB∗ΣAijΣ
M4S
ln
M2Pl
M2S
and ≈ 4 ·10−3λΣ¯
(
α2
4pi
)2 v2uB∗ΣAijΣ
M4S
respec-
tively. Taking into account these, forMS ≃ 1 TeV and with the selection λΣ¯ ∼ AΣMΣ ∼
√
BΣ
M
Σ¯
∼ 4·10−3
we obtain the needed value of (δM ijν )Fig.5−(a)+(c) ∼ 0.1 eV, while (δM ijν )Fig.5−(b) ∼ 2 · 10−7 eV is
strongly suppressed. As we see, for this choice of the parameters, the contribution from (39) domi-
nates over the one given in Eq. (40). However, with different spectroscopy these contributions may
be comparable and require detailed investigation, which should be performed elsewhere.
Concluding, note that additional operators where hu scalar is replaced by h
†
d will be also induced.
The relevance of this kind of operators will depend on the value of the VEV 〈h(0)d 〉. The latter,
on the other hand, depends on the parameter tanβ. Thus, the details and numerical results will
depend on SUSY spectroscopy, which should be taken such that LHC constraints are satisfied. The
latter study is beyond the scope of this work.
7Here we ignore the EW symmetry breaking effects, e.g. the gaugino-higgsino mixings.
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3.3 Type III Soft See-Saw
In this case, the MSSM is extended with SU(2)w triplets superfields T with zero hypercharges.
For a realistic neutrino sector, at least two such superfields should be introduced. The matrix
representation of this superfield(s) has the form
T ab =
(
T (0)/
√
2 T (−)
T (+) −T (0)/√2
)a
b
, (41)
with superscripts indicating the electric charges of the fragments. In this case, the R charges are:
RW = ω, RX = 1, Rhu = α, RT =
1
2
, Rl = −1
2
− α, Rhd = 1− α,
Rec = ω + 2α− 1
2
, Rq = αq, Ruc = ω − α− αq, Rdc = ω − αq + α− 1. (42)
Note that with ω 6= m+ 1
2
(m ∈ Z) the matter parity is automatic. The superpotential couplings
with the T states will be forbidden, while the Ka¨hler potential couplings will be
Km =
∑
f
f †egaVaf , Knm = κ
2MPl
X†TT +
X†X
M¯3
κAlThu+
κh
MPl
X†huhd + h.c. (43)
The R charge selection of Eq. (42) is consistent with MSSM superpotential couplings given in Eq.
(22). From the coupling of (43), likewise of previous cases, together with the MSSM µ and B-terms,
the following soft SUSY breaking terms are induced:
1
2
T TBTT + l˜
TATThu + h.c + T
†M2TT , (44)
where by T the scalar components are denoted. Their fermionic partners T˜ gain the mass 1
2
µT T˜ T˜
with µT ∼ κm3/2. (Once more, we refer the reader to Appendix A for details.) Now, one can easily
verify that integration of T ’s scalar components, via (44) couplings induce the ∆L = 2 operator of
Eq. (6) with:
λ4 ≃ 1
2
AT
1
M2T
B†T
1
M2T
ATT . (45)
This expression is approximate and works well withM2T
>∼ BT/3. The derivation of this expression is
very similar to that corresponding to the case of type I soft see-saw model, presented in Appendix
B.8 With the λ4 coupling the neutrino mass will be generated (as discussed in Sect. 2.1) at
1-loop level via diagram shown in Fig. 1. 1-Loop contribution will dominate if YT lT˜ hu type
Yukawa interactions, induced through the Ka¨hler potential (with YT ∼ 〈X〉/MP l) will be adequately
suppressed. This requires 〈X〉 <∼ 2 · 1011 GeV. For this case [unlike the Eq. (21)] we will not have
low bound on 〈X〉, because the states from T can decay via MSSM gauge interactions.
From the potential (44), upon integration of the T states, between l˜ and T , the mixing of the
order ∼ AT vuM2T is emerged. This, in turn, via T -gaugino (higgsino) loops will induce ei → ejγ
8For obtaining (45) one can do the replacements BN → BT and AN → AT in Eq. (B.7) and then use the proper
approximation.
14
decays. However, with MT ∼ few TeV and AT/MT <∼ 1/10, the l˜ − T mixing will be<∼ 10−2. This
will be enough for adequate suppression of such rare processes. Much will also depend on details of
the flavor structure of AT andM
2
T matrices, which require separate investigation and is not pursued
here.
Concluding, let us emphasize that the decays of the states from Σ,Σ and T (within type II and
type III soft see-saw scenarios respectively) in SM and LSP states proceed via EW interactions
and there is no low bound on the value of 〈X〉 (unlike to the type I soft see-saw scenario; see the
discussion before and after Eq. (20)).
4 Discussion and Outlook
In this paper we have presented possibilities for radiative neutrino mass generation within SUSY
theories. Suggested mechanisms open broad prospects for further investigations.
Since extensions, we have suggested, have the lepton number violation in the soft SUSY breaking
sector with new states near the TeV scale, the models would have peculiar collider signatures. This
gives possibilities for testing the origin of neutrino masses at accelerator experiments. This issue
deserves separate investigation in a spirit of Refs. [14], [15]. It would be also interesting to exercise
the lepton number violating higher dimensional operators (such as d ≥ 7, ∆L = 2 couplings studied
in different scenarios earlier [16], [15]) and investigate how they may emerge from the soft SUSY
breaking terms.
Since within presented models new states lie near the TeV scale and they have some family
dependent interactions, one expects to have new contributions to the rare processes such as µ →
eγ, τ → (e, µ)γ, µ → 3e, etc. These also could be the signatures of the presented scenarios and
may serve for models’ test. Similar concern to new possible contributions to the EW precision
parameters (T, S and U).
Finally, would be challenging to embed considered models in SUSY Grand Unification (GUT)
such as SU(5) and SO(10) GUTs. Because of the GUT symmetry, new relations and constraints
would emerge, making models more predictive. These and related issues will be addressed elsewhere.
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A SUSY Breaking. µ, B and A-type Couplings
In the superconformal formulation, the supergravity Lagrangian density is given by [17], [18]
LD + LF with
15
LD = −3
∫
d4θ e−K/(3M
2
Pl)φ+φ, LF = 1
M3P l
∫
d2θφ3W +
1
4
∫
d2θfIJWαIWJα + h.c. (A.1)
where K andW (Φ) are the Ka¨hler potential and the superpotential respectively, while fIJ(Φ) is the
gauge kinetic function (for the chiral superfield strength WαI obtained from the vector superfield
V I). φ is the compensator chiral superfield. Superspace integrals of (A.1) (and throughout this
paper) should be understood as F and D-densities of (conformal) SUGRA as given in Refs. [17], [18].
In general, the scalar potential
V = VF + VD , (A.2)
consists of two parts. The D-term potential
VD =
1
2
∑
a
g2aD
2
a , (A.3)
and the F -term potential VF . The latter is obtained from (A.1) by integrating F -terms. Doing so,
setting φ =MP l and going to the Einstein-frame one obtain:
VF = e
K/M2Pl
(
DJ¯W¯KJ¯IDIW −
3
M2P l
|W |2
)
, with DI ≡ ∂I + 1
M2P l
KI . (A.4)
A few comments about the definitions are in order. In the ’covariant’ derivative DI (with respect
to the field ΦI) we have: ∂I ≡ ∂∂ΦI and KI ≡ ∂K∂ΦI . The object KJ¯ I is an inverse of the matrix KIJ¯
build from the second derivatives of the Ka¨hler potential KIJ¯ = ∂2K∂ΦI∂Φ†I . Thus,
KIM¯KM¯J = δJI , KI¯MKMJ¯ = δI¯J¯ .
The DW can be defined as a column, while DW¯ is its hermitian conjugate row:
DW¯ = ((D1W )
∗, (D2W )∗, · · ·) .
Thus, the first entry in the brackets of Eq. (A.4) can be written as DW¯ (K′′)−1DW .
We will be dealing with superfields Xi of the visible sector and with superfield X through
which the SUSY breaking takes place in a hidden sector. For all chiral superfields unified notation
ΦI = {X,Xi} is used. The Ka¨hler potential K, together with minimal quadratic (kinetic) terms,
will also include non-holomorphic higher order terms:
K =
∑
I
Φ†Ie
gaVaΦI + Φ
†
I
(
κIJK(2) ΦJΦK + κ
IJKM
(3) ΦJΦKΦM + · · ·
)
+ · · ·+ h.c. (A.5)
The superpotential
W = Wv(Xi) +Wh(X) (A.6)
is the sum of the visible and hidden sector superpotentials, denoted by Wv(Xi) and Wh(X) respec-
tively. The form of Wh(X) should insure SUSY breaking, i.e. FX 6= 0. Within our consideration,
the couplings in Eq. (A.5), in combination with the superpotential, will be responsible for gener-
ation of µ type terms as well as for B and A-type soft SUSY breaking terms. Namely, with the
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expression of the scalar potential we can calculate the mass2 terms (corresponding to soft mass2
and B-terms) and trilinear scalar couplings (corresponding to the soft SUSY breaking A-terms):
m2ij¯ =
∂2V
∂Xi∂X
†
j
, Bij =
∂2V
∂Xi∂Xj
, Aijk =
∂3V
∂Xi∂Xj∂Xk
. (A.7)
More detailed discussion about these couplings will be given in the next subsection after discussing
the details of the SUSY breaking.
A.1 SUSY Breaking via Polonyi Superpotential
For the SUSY breaking hidden sector superpotentialWh(X) we consider Polonyi superpotential [19]
of the form:
Wh = JX + C . (A.8)
The coupling J insures non-zero FX , while the constant C is needed to cancel cosmological constant.
The hidden sector superpotential (as usually) explicitly breaks the R-symmetry.9 This may be
considered as a soft breaking, because it does not makes troubles in a visible sector. With X ’s
minimal Ka¨hler potential K = X†X , the superpotential (A.8), by proper selection of J and C gives
SUSY breaking Minkowski vacuum, but with 〈X〉 ∼ MP l. The reason for this is the following.
Minimum condition in a Minkowski vacuum fixes J and C. With this, the potential for X has the
linear term ∼ m23/2MP lX and the quadratic term ∼ m23/2|X|2 (i.e. potential’s curvature) and the
VEV of X is basically set from the ratio of these two terms: 〈X〉 ∼ m23/2MP l/m23/2 =MP l.
The situation will change, i.e. one can get desirable value of FX and suppressed 〈X〉, with
higher order terms in the Ka¨hler potential. For our purposes will be enough to include the coupling
∆K(X) = −(X†X)2/(4M∗2). As we will see, with M∗ ≪ MP l the scalar potential will develop
high curvature(∼ m23/2M
2
Pl
M2∗
), which will suppress the VEV of X . Thus, we will consider X ’s Ka¨hler
potential:
K(X) = X†X − 1
4M∗2
(X†X)2 (A.9)
and analyze this case in details. Since the gravitino mass is given by [11], [21]:
m3/2 = e
〈K〉/(2M2Pl) 〈W 〉
M2P l
, (A.10)
and we are looking for a solution with suppressed 〈X〉, we will use the parametrization
J = m¯MP l , C = cm¯M
2
P l , α = MP l/M∗, x = X/MP l , (A.11)
where m¯ will turn out to be of the order of m3/2 and c is a constant. With these, using in (A.4)
forms of (A.8) and (A.9), we will get the potential:
V = m¯2M2P le
K
(
1
1− α2|x|2
∣∣∣∣1 + x∗(1− α22 |x|2)(x+ c)
∣∣∣∣
2
− 3 |x+ c|2
)
(A.12)
9This is desirable to avoid cosmological difficulties with masslessR-axion, emerging from the spontaneous breaking
of the continuousR-symmetry. For interesting interconnection between R-symmetry and SUSY breaking see Ref. [20].
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One can easily check that in the region |x| < 1/α, with α≫ 1 (i.e. for M∗ ≪MP l ), the potential
has the minimum. The constant c can be selected in such a way that the cosmological constant is
zero in this minimum. Doing this, upon the minimization of (A.12), we find:
〈X〉 = MP l〈x〉 ≃ 2√
3
M2∗
MP l
(
1− 11
3
(
M∗
MP l
)2
+
74
3
(
M∗
MP l
)4
+ · · ·
)
, (A.13)
c ≃ 1√
3
(
1− 2
3
(
M∗
MP l
)2
+
14
9
(
M∗
MP l
)4
− 190
27
(
M∗
MP l
)6
+ · · ·
)
. (A.14)
In finding these we have used an expansion with powers of M∗/MP l. So, the solution can be found
up to the needed accuracy keeping appropriate power of M∗/MP l. With (A.13), (A.14) and (A.11),
from Eq. (A.10) we find:
m¯ ≃
√
3m3/2. (A.15)
In the minimum, the masses of real and imaginary scalar components of the X field will be ≃√
3m3/2MP l/M∗. The region |x| < 1/α has minimum with a SUSY breaking. Although, the VEV
of the X field can be strongly suppressed, the FX -term and DXW in the minimum are of the order
of ∼ m3/2MP l:
〈FX〉 ≃
√
3m3/2MP l , 〈DXW 〉 = 〈∂XW + KX
M2P l
W 〉 ≃
√
3m3/2MP l. (A.16)
In the regions |x| > /α the potential is not bounded from below. However, the tunneling from the
branch of |x| < 1/α to the either other branches are extremely suppressed. As far as the Ka¨hler
coupling −(X†X)2/(4M∗2) [the second term of Eq. (A.9)] is concerned, it can be generated by
integration of states of mass ∼ M∗ which couple with the X field. For instance, having two chiral
superfields Ω, Ω and the superpotential couplings λXΩ2+MΩΩΩ, at 1-loop level the Ka¨hler poten-
tial receives the quartic correction10 ∆K(X) = − |λ|4
12pi2M2
Ω
(X†X)2. This justifies analysis performed
above.
Within considered framework, the visible sector superfields Xi will couple with X via higher
order terms in the Ka¨hler potential. Within our consideration, the latter will have the form:
K(Xi) = X†iXi +
X†X
6M¯3
κijkA XiXjXk +
X†
2MP l
κijXiXj + h.c. (A.17)
These couplings, as shown in [12] will generate µ, B and A-type terms, as well as the Yukawa
couplings. From the expression of the F -term potential (A.4), we have the following relevant
terms:
−|FX |
2
6M¯3
κijkA XiXjXk −
FXW
∗
2M3P l
κijXiXj + h.c. = −
m23/2M
2
P l
2M¯3
κijkA XiXjXk −
√
3
2
m23/2κ
ijXiXj + h.c.
(A.18)
Therefore we have obtained the B-terms:
Bij = −
√
3m23/2κ
ij , (A.19)
10Simple way for computing the loop corrections to the Ka¨hler potential is to use formalism given in Ref. [22].
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of the needed value. The A-terms will have desirable values with M¯ = (3m3/2M
2
P l)
1/3 ∼ 10−5MP l.
With this scale, we will have
Aijk = −m3/2κijkA , with M¯ = (3m3/2M2P l)1/3. (A.20)
For the fermionic states Ψi (coming from Xi superfield) the µ-terms
1
2
µijΨiΨj can be calculated
from the mass formulae [21]:
Mij =
m3/2M
2
P l
〈W 〉
(
(∂Xi +
KXi
M2P l
)∇XjW − ΓIXiXj∇IW
)
− 3
2
M2P l
〈W 〉2 (∇XiW )(∇XjW ) . (A.21)
Using this and the forms of (A.8), (A.9) and (A.17), we get:
µij = −
√
3m3/2κ
ij . (A.22)
From the mass formulae (A.21), we can also extract the Yukawa couplings. With the definition
of the Yukawa coupling 1
2
Y ijkXiΨjΨk, with ∇XiW = ∂XiW (valid within this model) and using
(A.17), (A.20), we obtain
Y ijk =
2Aijk√
3m3/2
〈X〉
MP l
= − 2√
3
κijkA
〈X〉
MP l
≃ −4
3
(
M∗
MP l
)2
κijkA . (A.23)
Since, 〈X〉 can be strongly suppressed, the Yukawa coupling also can have desirable suppression.
Namely, with M∗
MPl
<∼ 3 · 10−4, if the Y ijk corresponds to the neutrino Dirac Yukawa couplings Yν ,
then according to Eq. (A.23) they will be |Yν | <∼ 10−7, i.e. irrelevant for the neutrino masses.
If the (visible) superpotential involves the trilinear Yukawa-type terms
W (3) =
1
6
λijkXiXjXk , (A.24)
then, using (A.4) and (A.7) we can see that the corresponding A-term is also induced due to λijk
coupling, but is strongly suppressed by the M2∗ /M
2
P l factor:
Aijkλ ≃
1
3
(
M∗
MP l
)2
m3/2λ
ijk . (A.25)
We close this appendix by commenting on the possibility of the soft gaugino mass generation.
Since within our framework we are applying the R-symmetry, the corresponding operator should
be consistent with it. For instance, if the superpotential’s R charge is selected as ω = 4,11 then
we also have R(WαWα) = ω = 4 and the D-term effective operator responsible for gaugino mass
will be
∫
d4θ
(
X†
X
)2 WαWα
MPl
. From this, the gaugino mass will be MV˜ ∼ 1MPl
(
X†
X
)2
D
= − 2|FX |2
MPl〈X〉2 ≃
−m3/2 27m3/28MPl(M∗/MPl)4 , which for M∗/MP l ∼ 2 · 10−4, m3/2 ∼ TeV, gives the desirable value MV˜ ∼
m3/2. Different possibility, for gaugino mass(∼ m3/2) generation would be to include the operator∫
d2θ X
MPl
WαWα. The latter, although explicitly breaks R-symmetry (similar to hidden sector
superpotential), but do not spoil any phenomenology, also can be considered as a plausible option.
11With this selection no phenomenologically harmful coupling will be allowed within models we are considering
[see Tables 1, 2, 3 and Eq. (42)].
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B Deriving Effective Couplings
λ4 Coupling induced by N˜ states
Here we derive the effective operator (6) obtained by integrating out the states N˜ . The relevant
terms are given in the potential of Eq. (18). Not taking into account the EW symmetry breaking
effects, we set D-terms to zero and do not consider their effects.
Since we are deriving an effective operator, relevant at low energies, we ignore the kinetic terms
(setting momenta to zero). Then the equations of motion for N˜, N˜∗ are:
−∂L(N˜)
∂N˜∗p
= ∂V (N˜)
∂N˜∗p
= (M2
N˜
)pjN˜j + A
∗αp
N l˜
∗
αh
∗
u +B
∗pj
N N˜
∗
j = 0
−∂L(N˜)
∂N˜p
= ∂V (N˜)
∂N˜p
= (M2
N˜
)jpN˜∗j + A
αp
N l˜αhu +BpjN˜j = 0,
(B.1)
where p, j indices numerate RHN states, while α(= 1, 2, 3) is a family index. We will be interested
in the case when the mass scalesM2
N˜
are larger than the terms AN〈h(0)u 〉. Then the mixings between
N˜ and ν˜ can be ignored at the leading order. Therefore, N˜ states can be integrated from Eqs.
(B.1). The latter in a matrix form are:(
M2
N˜
B†N
BN (M
2
N˜
)T
)(
N˜
N˜∗
)
=
( −A†N l˜∗h∗u
−ATN l˜hu
)
, (B.2)
where the matrix at l.h.s of (B.2) contains the block sub-matrices. Having in general the block
matrix of the form:
M =
(
A B
C D
)
, (B.3)
its inverse (in case DetA 6= 0 and DetD 6= 0 ) is given by [11]:
M−1 =
(
(A− BD−1C)−1 −A−1B (D − CA−1B)−1
−D−1C (A− BD−1C)−1 (D − CA−1B)−1
)
. (B.4)
Using this, from (B.2) we obtain
N˜=−
(
M2
N˜
−B†N
(
(M2
N˜
)T
)−1
BN
)−1
A†N l˜
∗h∗u + (M
2
N˜
)−1B†N
(
(M2
N˜
)T − BN(M2N˜ )−1B†N
)−1
ATN l˜hu (B.5)
Plugging the solution (B.5) back in (18), after grouping various terms and some simplifications, we
obtain the effective d = 4, ∆L = 2 interaction term
L∆L=2eff = l˜Tλ4l˜huhu + h.c. (B.6)
i.e. that given in Eq. (6), with:
λ4 =
1
2
AN(M
2
N˜
)−1B†N
(
(M2
N˜
)T − BN(M2N˜ )−1B†N
)−1
ATN . (B.7)
The corresponding diagram is given in Fig. 2. In the case of relatively small BN -terms (e.g.
M2
N˜
>∼ BN/3), the (B.7) is simplified to the form given in Eq. (19).
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λ4 Coupling and L4l˜eff induced by Σ and Σ¯ states
In this case, we integrate out the scalar components from the superfields Σ and Σ¯. The latter
will be denoted by same symbols as superfields they are coming from. The relevant potential terms
are given in Eq. (26). As for the case with N˜ states, here we also ignore kinetic terms, EW
symmetry breaking effects and also mixings of components of hu, hd with corresponding states of
Σ, Σ¯. Equations of motion for Σ∗ and Σ¯ (only two of them are independent) are:
− ∂L
∂Σ∗
=
∂V (Σ, Σ¯)
∂Σ∗
= M2ΣΣ +B
∗
ΣΣ¯
∗ + l˜ †A∗Σl˜
∗ = 0
−∂L
∂Σ¯
=
∂V (Σ, Σ¯)
∂Σ¯
=M2Σ¯Σ¯
∗ +BΣΣ+ AΣ¯huhu = 0 . (B.8)
From (B.8) we find solutions:
Σ=
1
M2ΣM
2
Σ¯
−|BΣ|2
(
AΣ¯B
∗
Σhuhu−M2Σ¯(l˜ †A∗Σ l˜ ∗)
)
, Σ¯∗=
1
M2ΣM
2
Σ¯
−|BΣ|2
(
M2ΣAΣ¯huhu+BΣ(l˜
†A∗Σ l˜
∗)
)
.
(B.9)
Plugging these solutions back into the potential (26), we get λ4-type [of Eq. (6)] d = 4, ∆L = 2
interaction term
L∆L=2eff = −
AΣ¯B
∗
Σ
M2ΣM
2
Σ¯
− |BΣ|2 (l˜
TAΣ l˜)huhu + h.c (B.10)
and also quartic term with respect to l˜:
L4l˜eff =
M2
Σ¯
M2ΣM
2
Σ¯
− |BΣ|2 (l˜
TAΣ l˜)(l˜
†A∗Σ l˜
∗) . (B.11)
With scales MΣMΣ¯
>∼ |BΣ|/3, the couplings of (B.10) and (B.11) reduce to those given in Eqs. (27)
and (28) respectively.
C Evaluating 2-loop Diagram of Fig. 6-(b)
The amplitude, corresponding to the diagram of Fig. 6-(b), is given by
M = 2·2g
2g′2
4
Aij
Σ
B∗ΣλΣ¯
∫
d4p
(2pi)4
d4q
(2pi)4
PL
(
/p+MV˜
)
CPR
(
/p+ µ
)
PRC
(
/q + µ
)
PR
(
/q +MV˜ ′
)
CPL(
p2 −M2
V˜
)
(p2 − µ2)(q2 − µ2)
(
q2 −M2
V˜ ′
)(
q2 −m2i
)(
p2 −m2j
) 1[
(p+ q)2 −M2
Σ
][
(p+ q)2 −M2
Σ¯
]
(C.1)
whereC and PL,R are charge conjugation and projection matrices respectively. Using the properties
/pPL,R = PR,L/p , CPL,R = PL,RC , C
−1 = −C , P 2R,L = PR,L , PRPL = 0 = PLPR (C.2)
the numerator of the integral in (C.1) gets simplified to µ2(pq)PLC
−1 and we obtain:
M = µ2g2g′2AijΣB∗ΣλΣ¯PLC−1J , with
J=
∫
d4p
(2pi)
4
d4q
(2pi)
4
(pq)(
p2 −M2
V˜
)
(p2 − µ2) (q2 − µ2)
(
q2 −M2
V˜ ′
)
(q2 −m2i )
(
p2 −m2j
) 1[
(p+ q)
2 −M2
Σ
][
(p+ q)
2 −M2
Σ¯
]
(C.3)
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We can rewrite the fractions of (C.3) in the following way
1(
p2 −M2
V˜
)
(p2 − µ2)(p2 −m2j) =
3∑
n=1
An
p2 − a2n
,
1(
q2 −M2
V˜ ′
)
(q2 − µ2)(q2 −m2i )
=
3∑
m=1
Bm
q2 − b2m
,
1[
(p+ q)2 −M2
Σ
] [
(p+ q)2 −M2
Σ¯
] = 1
M2
Σ
−M2
Σ¯
2∑
α=1
(−1)α+1
(p+ q)2 − c2α
with a2n = (M
2
V˜
, µ2, m2j ) , b
2
m = (M
2
V˜ ′
, µ2, m2i ) , c
2
α = (M
2
Σ,M
2
Σ¯) (C.4)
and
A1 =
1
(M2
V˜
− µ2)(M2
V˜
−m2j )
, A2 =
1
(µ2 −M2
V˜
)(µ2 −m2j )
, A3 =
1
(m2j −M2V˜ )(m2j − µ2)
,
B1 =
1
(M2
V˜ ′
− µ2)(M2
V˜ ′
−m2i )
, B2 =
1
(µ2 −M2
V˜ ′
)(µ2 −m2i )
, B3 =
1
(m2i −M2V˜ ′)(m2i − µ2)
. (C.5)
Note the following properties of the coefficients:
3∑
n=1
An =
3∑
m=1
Bm = 0 ,
3∑
n=1
Ana
2
n =
3∑
m=1
Bmb
2
m = 0 . (C.6)
Using (C.4), the integral in (C.3) can be written as a triple sum:
J=
∫
d4p
(2pi)4
d4q
(2pi)4
∑
α,n,m
(−1)α+1AnBm
M2Σ −M2Σ¯
(pq)
(p2 − a2n) (q2 − b2m)
[
(p+ q)2 − c2α
] . (C.7)
Moreover, using the identity
2 (pq)
(p2 − a2n) (q2 − b2m)[(p+ q)2 − c2α]
=
1
(p2 − a2n) (q2 − b2m)
−
− 1
(q2 − b2m)[(p+ q)2 − c2α]
− 1
(p2 − a2n)[(p+ q)2 − c2α]
+
c2α − a2n − b2m
(p2 − a2n) (q2 − b2m)[(p+ q)2 − c2α]
, (C.8)
the identities of Eq. (C.6) and
2∑
α=1
(−1)α+1 = 0, from (C.7) we get:
J=
1
2(M2Σ −M2Σ¯)
∑
α,n,m
γαnm
∫
d4p
(2pi)4
d4q
(2pi)4
1
(p2 − a2n)(q2 − b2m)[(p+ q)2 − c2α]
with γαnm ≡ (−1)α+1(c2α − a2n − b2m)AnBm . (C.9)
Using the Feynman parametrization
1
d1d2d3
= 2
1∫
0
dx
1−x∫
0
dy
1
[xd1 + yd2 + (1− x− y)d3]3 (C.10)
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in the integral of Eq. (C.9), allows to perform integration with p and q. Due to the properties in
(C.6) and
2∑
α=1
(−1)α+1 = 0, the divergent parts disappear (as should be) and we remain with finite
result given by:
J = − 1
2(16pi2)2
∑
α,n,m
γαnm
1∫
0
dx
1−x∫
0
dyCαnm ln |Cαnm|
with Cαnm =
c2α(x+ y − 1)− a2nx− b2my
(M2Σ −M2Σ¯)(x2 + y2 + xy − x− y)2
. (C.11)
Since the amplitude, defined in (C.3) (we have calculated), accounts for the operator 1
4
(lTMl)huhu,
we can identify the contribution to the neutrino mass matrix given in Eq. (40) [for definitions’
references see also the comment after Eq. (40)].
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